Transient resonance Raman spectroscopy and density functional theory investigation of iso-CHBr 2Cl and iso-CCl 3Br photoproducts produced following ultraviolet excitation of CHBr 2Cl and CCl 3Br by Li, YL et al.
Title
Transient resonance Raman spectroscopy and density
functional theory investigation of iso-CHBr 2Cl and iso-CCl 3Br
photoproducts produced following ultraviolet excitation of CHBr
2Cl and CCl 3Br
Author(s) Zheng, X; Lee, CW; Li, YL; Fang, WH; Phillips, DL
Citation Journal Of Chemical Physics, 2001, v. 114 n. 19, p. 8347-8356
Issued Date 2001
URL http://hdl.handle.net/10722/42353
Rights Creative Commons: Attribution 3.0 Hong Kong License
JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 19 15 MAY 2001Transient resonance Raman spectroscopy and density functional theory
investigation of iso-CHBr2Cl and iso-CCl3Br photoproducts produced
following ultraviolet excitation of CHBr2Cl and CCl3Br
Xuming Zheng,a) Cheong Wan Lee, Yun-Liang Li, Wei-Hai Fang,b)
and David Lee Phillipsc)
Department of Chemistry, University of Hong Kong, Pokfulam Road, Hong Kong
~Received 27 November 2000; accepted 5 March 2001!
We report transient resonance Raman spectra and density functional theory calculations for the
photoproducts produced after ultraviolet excitation of CHBr2Cl and CCl3Br in cyclohexane solution.
Comparison of the computed vibrational frequencies to the experimental Raman frequencies
revealed that the iso-CHBrCl–Br and iso-CHClBr–Br species are mainly responsible for the
transient resonance Raman spectrum observed following ultraviolet excitation of CHBr2Cl. Similar
comparisons for CCl3Br showed the iso-CCl2Cl–Br species is mainly responsible for the transient
resonance Raman spectrum observed following ultraviolet excitation of CCl3Br. Additional density
functional theory computations were done to examine the chemical reactions of iso-CH2Br–Cl and
iso-CH2Cl–Br with ethylene to give cyclopropane and Br–Cl product. We briefly discuss the
possibility for release of reactive halogens into the atmosphere via the photochemical and chemical
reactions of iso-polyhalomethane molecules formed after ultraviolet excitation of polyhalomethanes
in condensed phase environments. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1367391#I. INTRODUCTION
Polyhalomethanes like CHBr3, CHBr2Cl, CH2IBr, and
CH2I2 have been observed in the atmosphere and are poten-
tially important sources of reactive halogen species in the
atmosphere.1–8 Polyhalomethanes are also of interest in syn-
thetic chemistry for cyclopropanation reactions.9–13 Ultravio-
let excitation of polyhalomethanes in the gas phase generally
give rise to direct carbon–halogen ~C–X! bond cleavage
reaction~s!.14–26 For several polyhalomethane molecular sys-
tems, molecular beam anisotropy measurements indicate the
direct photodissociation reactions take place in a time much
less than a rotational period of the parent polyhalomethane
molecule.14,16–19 The polyatomic photofragments from these
direct photodissociation reactions typically receive a large
amount of internal excitation of their vibrational and rota-
tional degrees of freedom as determined from translational
photofragment spectroscopy experiments for CH2I2,16
CH2BrI,19 and CF2I2.20,21 This is consistent with the obser-
vation that the direct photodissociation reactions proceed
along multidimensional reactions coordinates as deduced
from resonance Raman investigations of the short-time pho-
todissociation dynamics in both gas and solutions
phases.27–36
Excitation of polyhalomethanes in the condensed phase
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mation of interesting photoproduct species that are not ob-
served in the gas phase.37–46 For instance, ultraviolet photo-
excitation, direct photoionization, and radiolysis of CH2I2 in
condensed phase environments leads to formation of photo-
product~s! that have characteristic transient absorption bands
;385 nm ~intense! and ;570 nm ~moderate intensity! that
have been ascribed to a number of species including trapped
electrons,37 the CH2I2
1 radical cation,41,43 the CH2I radical,44
and/or iso-CH2I–I.39,40,46 The solution phase photodissocia-
tion dynamics for CH2I2 has also been examined using fem-
tosecond transient absorption spectroscopy experiments to
examine the formation and decay of the photoproduct.44–46
These studies showed similar features of a fast rise time fol-
lowed by a fast decay and then a slow rise.44–46 However,
three different interpretations were given for the photodisso-
ciation processes depending on what photoproduct species
was assumed to be responsible for the characteristic ;385
nm and ;570 nm transient absorption bands.44–46 We re-
cently used nanosecond47 and picosecond48 time-resolved
resonance Raman experiments and density functional theory
computations to directly probe the ;385 nm transient ab-
sorption band associated with the photoproduct produced af-
ter ultraviolet excitation of CH2I2 in room temperature solu-
tions. Our studies47,48 conclusively showed that the
iso-CH2I–I species is mainly responsible for the ;385 nm
transient absorption band. Inspection of results from solution
phase44–48 and gas phase experiments27–36 suggests that sol-
vation is responsible for formation of iso-CH2I–I product
species via interaction of the initially formed CH2I and I
photofragments with the solvent cage about the parent mol-7 © 2001 American Institute of Physics
AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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halomethanes containing bromine and/or iodine atoms.49–52
We found that isomers of these compounds are also formed
after ultraviolet photoexcitation of the parent polyhalom-
ethane in room temperature solutions49–52 and this suggests
that formation of iso-polyhalomethane species following ul-
traviolet excitation ~usually n→s* transitions localized on
C–X bonds! of polyhalomethanes in liquids is a common
phenomena. So far we have focused our efforts on polyha-
lomethane molecules that contain bromine and iodine atoms.
In this paper we examine two polyhalomethanes that
contain bromine and chlorine atoms ~CHBr2Cl and CCl3Br!.
We report transient resonance Raman spectra of the photo-
products produced after ultraviolet excitation of CHBr2Cl
and CCl3Br in room temperature solutions and density func-
tional theory calculations for species proposed to be products
of the photodissociation reactions in the solution phase. We
find that the iso-CHBrCl–Br and iso-CHClBr–Br species are
formed following ultraviolet excitation of CHBr2Cl and the
iso-CCl2Cl–Br species is formed following ultraviolet exci-
tation of CCl3Br in the solution phase. We have done addi-
tional density functional theory computations to examine the
chemical reaction of iso-CH2Cl–Br with ethylene to give
cyclopropane and Br–Cl product. Since CHBr2Cl has been
observed in noticeable concentrations in the troposphere,7 we
briefly discuss the possibility of simultaneous release of bro-
mine and chlorine atoms via formation of Br–Cl from
chemical reaction of the iso-CHBrCl–Br species with alk-
enes and/or terpenes in multiphase and/or heterogeneous me-
dia.
II. EXPERIMENT AND CALCULATIONS
CHBr2Cl ~98%! and CCl3Br ~99%! and spectroscopic
grade cyclohexane solvent ~99.91%! were used as received
to make up samples of ;0.10–0.20 M for the transient reso-
nance Raman experiments. Since the experimental apparatus
and methods have been detailed elsewhere47,49–53 only a
short account will be given here. A Nd:YAG nanosecond
pulsed laser harmonics and/or their hydrogen Raman shifted
laser lines gave the pump and probe excitation wavelengths
used for the Raman experiments. Spectra were obtained us-
ing a near collinear geometry to loosely focus and overlap
the beams onto a flowing liquid stream of sample and pump–
probe time-delays of ;0 ns and 10 ns were used. Spectra
acquired at both time-delays appeared similar to one another.
A backscattering geometry with reflective optics imaged the
collected light through a depolarizer and entrance slit of a 0.5
m spectrograph which dispersed the light onto a liquid nitro-
gen cooled CCD. The Raman spectrum was accumulated for
300–600 s before being read out to an interfaced PC com-
puter. Ten to twenty of these scans were added together to
obtain spectra and the known frequencies of the cyclohexane
vibrational bands were used to calibrate the Raman spectra.
Subtraction of the pump-only and probe-only Raman spectra
from the pump–probe Raman spectrum was done to extract
the transient resonance Raman spectrum of the photoproduct
and to remove solvent and parent Raman bands.
All of the density functional theory ~DFT! computationsDownloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to reported here made use of the Gaussian program suite
~G98W!.54 Complete geometry optimizations were done us-
ing C1 symmetry and B3LYP calculations.54,55 Vibrational
frequencies at the optimized geometry were computed for
the species of interest. Time-dependent density functional
theory at the random phase approximation56 @TD~RPA!# was
used to estimate the electronic absorption transition energies
and oscillator strengths. The 6-31111G(d ,p) and/or aug-
cc-PVTZ ~Refs. 57, 58! basis sets were used for the DFT
calculations.
The reactivity of the iso-polyhalomethanes containing
chlorine and bromine atoms was explored using B3LYP cal-
culations with C1 symmetry for reactions of the
iso-CH2Br–Cl, iso-CH2Cl–Br, CH2Br, and CH2Cl species
with ethylene. Since the dissociation of the isomer species
involves formation of radicals, we used the complete active
space SCF ~CASSCF! approach59–61 with an active space
with ten electrons in eight orbitals @referred to as CAS~10,8!
in the rest of the paper# to do the chemical reaction compu-
tations. The electrons in the active space originate mostly
from the p electrons of the two halogen atoms. Analytical
frequency computations were employed to determine
whether the optimized structure was a minimum or a first-
order saddle point and to find the zero-point energy correc-
tion. IRC computations were used to confirm the transition
state connects the related reactants62 and the standard
6-311* basis set was used in the chemical reaction compu-
tations. Relativistic effects can influence the computed en-
ergy of a system that contains heavy atoms such as Br, but
we are interested in the relative energies ~barrier heights and
reaction energies! in the chemical reaction calculations. The
energy errors due to relativistic effects will partially cancel
out in the computed relative energies and we expect that
relativistic effects will have little influence on the reaction
processes examined here. This is one of the reasons why
polarization and diffuse functions were not used for the hy-
drogen atoms in the chemical reaction computations. The
energies of the reactants and products were found by super-
molecule computations where the intermolecular distance
was fixed at 20 Å and these supermolecule calculations
helped correct for the basis set superposition error.
III. RESULTS AND DISCUSSION
A. Transient resonance Raman spectra, density
functional theory computational results,
and assignment of iso-bromochloromethane species
to the transient resonance Raman spectra
Figure 1 shows the ultraviolet absorption spectra of
CHBr2Cl and CCl3Br in cyclohexane solution with the pump
and probe excitation wavelengths used for the transient reso-
nance Raman experiments shown above the spectra. Figure 2
shows transient resonance Raman spectra of the isomer pho-
toproducts produced following ultraviolet photolysis of
CHBr2Cl and CCl3Br in cyclohexane solution. These photo-
product spectra in Fig. 2 exhibit most of their resonance
Raman intensity in the fundamentals, overtones and combi-
nation bands of several Franck–Condon active modes. The
282.4 nm excitation wavelength for the pump laser beam hasAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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weaker C–Br bond but not the stronger C–Cl bond. There-
fore, we generally considered the isomers and radical frag-
ment species that would be formed by C–Br bond cleavage
as well as the cation species of the parent polyhalomethane
as possible candidates for the photoproduct~s! that may be
responsible for the transient resonance Raman spectra ob-
served in Fig. 2. The DFT computed optimized geometry
FIG. 1. Absorption spectra of CHBr2Cl ~top! and CCl3Br ~bottom! in cy-
clohexane solution with the pump ~282.4 nm! and probe ~435.7 nm! wave-
lengths used for the transient resonance Raman experiments indicated above
the spectra.
FIG. 2. Transient resonance Raman spectra of the isomer photoproducts
produced from ultraviolet photolysis of CHBr2Cl ~top! and CCl3Br ~bottom!
in cyclohexane solution obtained using 282.4 nm pump and 435.7 nm probe
wavelengths. The assignments of some of the larger Raman bands are
shown above the spectra ~see text and Table II!. The asterisks mark regions
where solvent subtraction artifacts are present and the daggers label stray
light or ambient light artifacts.Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to parameters and vibrational frequencies for each of these pos-
sible photoproduct species are listed in Tables I and II, re-
spectively.
We compare the computed vibrational frequencies to
those observed in the transient resonance Raman spectra of
Fig. 2. The transient resonance Raman spectrum obtained
following ultraviolet photolysis of CHBr2Cl in cyclohexane
solution ~shown at the top of Fig. 2! exhibits a number of
Franck–Condon active vibrational modes. The strongest
mode at 173 cm21 appears to have several overtones at
;333 cm21(;23173 cm21) and at 493 cm21(;3
3173 cm21) as well as combination bands with other vibra-
tional modes at 753 cm21 ~about 589 cm211173 cm21!,
1055 cm21 ~about 894 cm211173 cm21! and 1216 cm21
~about 894 cm21123173 cm21!. The stronger fundamental
resonance Raman bands at 173 cm21, 185 cm21, 589 cm21,
720 cm21, and 894 cm21 can be readily assigned to the iso-
CHClBr–Br photoproduct species but not the iso-CHBrCl–
Br, CHBr2Cl1 cation or CHClBr radical species. For ex-
ample, the CHClBr radical species has no low frequency
vibrational modes below 200 cm21 that are clearly present in
the photoproduct Raman spectrum of Fig. 2 ~i.e., the 173
cm21 and 185 cm21 fundamental bands!. Therefore, the
CHClBr radical can be ruled out as a species responsible for
the transient resonance Raman spectrum. The CHBr2Cl1 cat-
ion has two computed vibrational modes in the 500–1000
cm21 region ~at 561 cm21 and 808 cm21! while the photo-
product resonance Raman spectrum displays three funda-
mental modes in this region ~at 589 cm21, 720 cm21, and
894 cm21!. Therefore, we can also eliminate the CHBr2Cl1
cation as the species responsible for the transient resonance
Raman spectrum shown at the top of Fig. 2. The photoprod-
uct fundamental bands at 173 cm21, 185 cm21, 589 cm21,
720 cm21, and 894 cm21 exhibit good agreement with the
fundamentals of the iso-CHClBr–Br species ~i.e., the com-
puted 166 cm21, 191 cm21, 618 cm21, 745 cm21, and 904
cm21 vibrational modes in Table II! but not the fundamentals
of the iso-CHBrCl–Br species ~i.e., the computed 181 cm21,
217 cm21, 635 cm21, 695 cm21, and 997 cm21 vibrational
modes in Table II!. Therefore, we assign the photoproduct
fundamental bands at 173 cm21, 185 cm21, 589 cm21, 720
cm21, and 894 cm21 to the n8 , Br–Br stretch, n7 , C–Br–Br
bend, n5 , C–H wag, n4 , Br–C–Cl sym. stretch, and
n3 , Br–C–Cl asymmetric stretch vibrational modes of the
iso-CHClBr–Br species.
The fundamentals, overtones, and combination bands of
the iso-CHClBr–Br species account for most of the Raman
intensity in the transient resonance Raman spectrum at the
top of Fig. 2. However, there is still significant intensity in
several other bands at 218 cm21, 281 cm21, 945 cm21 that
appear to be due to a second photoproduct species. These
Raman bands can be assigned to the iso-CHBrCl–Br species
but not the CHBr2Cl1 cation or CHClBr radical species ~see
Table II!. The C–Cl stretch vibrational frequency is com-
puted to be at 997 cm21 for iso-CHBrCl–Br, at 808 cm21 for
the CHBr2Cl1 cation and at 837 cm21 for the CHClBr radi-
cal. The experimental 945 cm21 Raman band agrees best
with the iso-CHBrCl–Br species and we tentatively assign
the 218 cm21, 281 cm21, 945 cm21 experimental RamanAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 03 TABLE I. Parameters for the optimized geometry computed from the B3LYP density functional theory com-
putations for iso-polyhalomethane, polyhalomethane radical cation, and polyhalomethyl radical fragments pro-
posed as photoproduct species formed following ultraviolet excitation of dibromochloromethane (CHBr2Cl)
and bromochloroform (CCl3Br) in cyclohexane solution. Bond lengths are in Å and bond angles are in deg.
Parameter B3LYP Calc. B3LYP Calc.
For possible CHBr2Cl photoproducts
Iso-CHClBr–Br 6-31111G aug-cc-PVTZ iso-CHBrCl–Br 6-31111G aug-cc-PVTZ
C – Br1 1.784 1.784 C–Br1 1.856 1.855
Br1–Br2 2.699 2.700 C–Br2 2.632 2.492
C–Cl 1.691 1.699 C–Cl 1.6114 1.620
C–H 1.083 1.078 C–H 1.080 1.079
C–Br1–Br2 127.2 127.2 C–Cl–Br2 124.8 124.4
Br1–C–Cl 123.1 123.0 Br1–C–Cl 122.9 122.9
Br1–C–H 117.9 118.0 Br1–C–H 115.8 115.9
Cl–C–H 115.5 Cl–C–H 119.0 118.8
D~Cl–C–Br1–Br2! 280.3 280.4 D~Br–C–Cl–Br! 281.8 281.6
D~H–C–Br1–Br2! 77.5 77.1 D~H–C–Cl–Br! 80.5 80.1
CHBr2Cl1 aug-cc-PVTZ CHClBr radical aug-cc-PVTZ
C–Br 1.9846 C–Br 1.870
C–Cl 1.7024 C–Cl 1.708
C–H 1.0822 C–H 1.078
Br–C–Cl 116.5 Cl–C–Br 120.0
H–C–Cl 114.1 Cl–C–H 117.0
D~Br–C–Cl–Br! 105.5 D~H–Br–C–Cl! 151.5
D~H–C–Cl–Br! 127.3
For possible CCl3Br photoproducts
iso-CCl2Cl–Br 6-31111G aug-cc-PVTZ
C–Cl1 1.644 1.634
C–Cl2 1.708 1.704
C–Cl1–Br 2.703 2.661
Cl1–C–Cl2 120.0 120.2
Cl2–C–Cl2 117.3 117.1
Br–Cl1–C 127.3 127.1
D~C–Cl–Cl–Cl! 2161.5 2162.0
D~Br–Cl–C–Cl! 80.3 80.7
CBrCl31 cation 6-31111G CCl3 radical aug-cc-PVTZ
C–Cl1 1.710 C–Cl 1.722
C–Br 2.103 Cl–C–Cl 116.9
C–Cl3 1.810 C–Cl–Cl–Cl 145.7
Cl1 or 2 – C–Br 111.3
Cl3–C–Br 87.5bands to the n7Cl–Br stretch, n6Br–C–Cl bend and
n3Br–C–Cl asymmetric stretch vibrational modes of the iso-
CHBrCl–Br species. We note that the experimental 185
cm21 and 281 cm21 Raman bands could be reasonably as-
signed to both or either of the iso-CHClBr–Br and iso-
CHBrCl–Br species since they have fundamentals that are
nearly coincident with these two bands.
B3LYP time-dependent random phase approximation
~TD/RPA! computations were done for each of the proposed
photoproduct species in order to estimate their electronic
transition energies and oscillator strengths and Table III lists
the results of these calculations. We have previously used
similar computations for CH2I2 and found reasonable agree-
ment between experimental and computed values.63 Inspec-
tion of Table III shows that both the iso-CHClBr–Br and
iso-CHBrCl–Br species have very strong computed elec-
tronic transitions near 400 nm ~at 397 nm with an oscillator
strength of 0.4766 for iso-CHClBr–Br and at 406 nm with an
oscillator strength of 0.4715 for iso-CHBrCl–Br!. This is inNov 2006 to 147.8.21.97. Redistribution subject to reasonable agreement with the experimental transient ab-
sorption observed ;445 nm after ultraviolet excitation of
CHBr2Cl in low temperature glasses.37 However, no elec-
tronic transitions were computed for the 350 nm to 500 nm
region for either the CHBr2Cl1 cation or CHClBr radical
species in Table III. The DFT computations for the elec-
tronic transition energies and oscillator strengths provide fur-
ther support for our assignment of the iso-CHClBr–Br and
iso-CHBrCl–Br species as being the photoproducts respon-
sible for the transient resonance Raman spectrum observed
in Fig. 2 after ultraviolet excitation of CHBr2Cl in a room
temperature solution of cyclohexane.
Our results for the ultraviolet photolysis of CHBr2Cl in
room temperature solution indicates that solvent induced re-
combination of the initially produced CHClBr radical and Br
fragment forms appreciable amounts of both the iso-
CHClBr–Br and iso-CHBrCl–Br species. The different rela-
tive intensity for the resonance Raman bands for each of
these photoproduct species in the transient resonance RamanAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8351J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 Photoproducts of CHBr2ClTABLE II. Comparison of experimental vibrational frequencies ~in cm21! found from transient resonance Raman spectra to the B3LYP calculated vibrational
frequencies for the species whose optimized geometry is given in Table I.
Vibrational mode B3LYP Calc.
Transient resonance
Raman vibrational
frequency
~in cm21! Vibrational mode B3LYP Calc.
Transient resonance
Raman vibrational
frequency
~in cm21!iso-CHClBr–Br 6-31111G aug-cc-PVTZ
A8 n1 , C–H stretch 3207 3201
n2 , C–H scissor 1259 1254
n3 , BrCCl asym. str. 912 904 894
n4 , Br–C–Cl sym. str. 748 745 720
n5 , C–H wag 622 618 589
n6 , Br–C–Cl bend 275 273 281?
n7 , C–Br–Br bend 191 191 185
n8 , Br–Br str. 165 166 173
n9 , torsion 55 55
iso-CHBr–Cl–Br 6-31111G aug-cc-PVTZ
A8 n1 , C–H stretch 3214 3208
n2 , C–H scissor 1258 1254
n3 , BrCCl asym. str. 1010 997 945
n4 , Br–Cl sym. str. 696 695
n5 , C–H wag 643 635
n6 , Br–C–Cl bend 285 283 281?
n7 , Cl–Br str. 221 217 218
n8 , C–Cl–Br bend 184 181 185?
n9 , torsion 53 51
CHBr2Cl1 cation aug-cc-PVTZ
A8 n1 , C–H str. 3177
n2 , C–H bend 1230
n3 , C–H bend 1080
n4 , C–Cl str. 808
n5 , Br–C–Br sym. str. 561
n6 , Br–C–Br asym. str. 484
n7 , Cl–C–Br bend 268
n8 , Cl–C–H bend 174
n9 , Br–C–Br bend 162
CHClBr radical aug-cc-PVTZ
A8 n1 , C–H str. 3219
n2 , C–H bend 1206
n3 , C–Cl str. 837
n4 , C–Br str. 663
n5 , C–H bend ~o.p.! 412
n6 , Cl–C–Br bend 242iso-CCl2Cl–Br 6-31111G aug-cc-PVTZ
A8 n1 , C–Cl stretch 1012 1021 989
n2 , ClCCl asym. str. 910 907
n3 , CCl wag 499 500 497
n4 , Cl–C–Cl sym. str. 388 388
n5 , Cl–C–Cl bend 317 309
n6 , Cl–C–Cl bend 297 288 289
n7 , Cl–Br str. 179 186 189
n8 , torsion 65 69
n9 , C–Cl–Br bend 60 62
iso-CCl2Br–Cl 6-31111G
A8 n1 , C–Cl stretch 871
n2 , ClCCl asym. str. 869
n3 , CBr wag 422
n4 , Cl–C–Cl sym. str. 407
n5 , Cl–C–Cl bend 253
n6 , Cl–C–Br bend 247
n7 , Br–Cl str. 212
n8 , torsion. 79
n9 , C–Br–Cl bend 48
CBrCl31 cation 6-31111G CCl3 radical aug-cc-PVTZ
A8 n1 ,
Cl–C–Cl asym. str.
880 A8 n1 , C–Cl
asym. str.
860
n2 , ClCCl asym. str. 754 n2 , C–Cl
asym. str.
858
n3 , Cl–C–Cl sym str. 478 n3 , C–Cl
aym. str.
479
n4 , C–Br str. 400 n4 , Cl–C–Cl
bend ~o.p.!
329
n5 , Cl–C–Br bend 300 n5 , Cl–C–Cl
bend
269
n6 , Cl–C–Cl bend 292 n6 , Cl–C–Cl
bend
268
n7 , Br–C–Cl bend 168
n8 , Cl–C–Cl bend 116
n9 , C–Br str. 113at the top of Fig. 2 could be due to several factors such as
different lifetimes, different relative resonance Raman en
hancement and/or different yields for formation of the iso-
mer photoproduct. We note that our recent study of the ul-
traviolet photolysis of CH2BrI in room temperature solution
found that only the iso-CH2I–Br species could be observed
on the nanosecond time scale following either A-band or
B-band photoexcitation.50 In contrast, only the iso-CH2Br–I
species was observed following A-band photoexcitation of
CH2BrI in low temperature solids ~;12 K!.39,40 This sug-
gested that although both iso-CH2Br–I and iso-CH2I–Br spe-
cies may be initially produced following ultraviolet excita-
tion of CH2BrI in room temperature solution, only the more
stable species had a sufficiently long lifetime to be observ-
able in the nanosecond transient resonance Raman
experiments.50 Our current results for the ultraviolet photoly-Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to sis of CHBr2Cl indicate that the iso-CHClBr–Br and iso-
CHBrCl–Br photoproduct species have similar stability in
room temperature solutions.
The bottom of Fig. 2 shows the transient resonance Ra-
man spectrum observed after ultraviolet excitation of CCl3Br
in room temperature cyclohexane solution. Inspection of this
spectrum shows that the most intense band ;189 cm21 has
several overtones ~at ;368 cm21, ;538 cm21, and ;708
cm21! and a combination band at 1171 cm21 with the 989
cm21 fundamental. The transient resonance Raman spectrum
for the CCl3Br photoproduct species appears to have funda-
mental bands at 189 cm21, 289 cm21, 497 cm21, and 989
cm21. These fundamental bands can be readily assigned to
the iso-CCl2Cl–Br species but not to the iso-CCl2Br–Cl
molecule, CCl3Br1 cation or CCl3 radical species. For ex-
ample, the CCl3 radical has no vibrational band below 200AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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cm21 or 989 cm21 photoproduct Raman bands. Thus, the
CCl3 radical can be ruled out as the photoproduct species
responsible for the transient resonance Raman spectrum.
Similarly, the iso-CCl2Br–Cl species has no computed vibra-
tional bands in the 100–200 cm21 region or above 900 cm21
TABLE III. Electronic absorption transition energies ~singlet transitions!
obtained from density functional theory calculations for the species whose
optimized geometry is listed in Table I. The calculated oscillator strengths
are given in parentheses. Only singlet transitions with wavelengths above
200 nm are listed.
Molecule URPA//UB3LYP/
For isomer species
iso-CHClBR–Br 6-31111G aug-cc-PVTZ
397 nm 0.5161 397 nm 0.4766
396 nm ~0.0195! 395 nm ~0.0579!
374 nm ~0.0144! 373 nm ~0.0160!
239 nm ~0.0006! 240 nm ~0.0005!
231 nm ~0.0446! 231 nm ~0.0440!
202 nm ~0.0426! 201 nm ~0.0283!
iso-CHBrCl–Br 6-31111G aug-cc-PVTZ
429 nm ~0.0027! 440 nm ~0.0034!
416 nm ~0.0931! 428 nm ~0.0904!
398 nm 0.4805 406 nm 0.4715
229 nm ~0.0017! 231 nm ~0.0013!
226 nm ~0.0054! 228 nm ~0.0046!
211 nm ~0.0127! 214 nm ~0.0120!
CHBr2Cl1 cation aug-cc-PVTZ
1556 nm ~0.1065!
833 nm ~0.0002!
562 nm ~0.0008!
CHClBr aug-cc-PVTZ
273 nm ~0.0012!
209 nm ~0.0001!
204 nm ~0.0010!
iso-CCl2Cl–Br 6-31111G aug-cc-PVTZ
514 nm ~0.0000! 443 nm ~0.0001!
502 nm ~0.0022! 432 nm ~0.0605!
426 nm 0.6314 419 nm 0.4986
227 nm ~0.0788! 225 nm ~0.0469!
219 nm ~0.0003! 217 nm ~0.0004!
iso-CCl2Br–Cl 6-31111G
411 nm ~0.3704!
363 nm ~0.0001!
341 nm ~0.0188!
242 nm ~0.0000!
224 nm ~0.2446!
203 nm ~0.1494!
CCl3Br1 cation 6-31111G
1510 nm ~0.0000!
623 nm ~0.0125!
317 nm ~0.0002!
286 nm ~0.0325!; 284 nm ~0.0001!
241 nm ~0.0000!
222 nm ~0.0000!
214 nm ~0.0009!
211 nm ~0.0030!; 210 nm ~0.0003!
CCl3 radical aug-cc-PVTZ
256 nm ~0.0000!
200 nm ~0.0049!Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to and can also be ruled out as the species responsible for the
transient resonance Raman spectrum. The CCl3Br1 cation
has no computed vibrational modes above 900 cm21 and is
also not likely associated with the transient resonance Raman
spectrum for the CCl3Br photoproduct species. Inspection of
the computed electronic transition energies and oscillator
strengths for the possible photoproduct species
(iso-CCl2Cl–Br, CCl3Br1 or CCl3! in Table III provides ad-
ditional support for the assignment of the transient resonance
Raman spectrum for the CCl3Br photoproduct to the
iso-CCl2Cl–Br species. The CCl3 radical has no computed
electronic transition above 300 nm and the CCl3Br1 cation
has no computed electronic transition in the 400–500 nm
region where the photoproduct species has a strong transient
absorption responsible for the 435.7 nm transient resonance
Raman spectrum ~see bottom of Fig. 2!. However, the
iso-CCl2Cl–Br species has a very strong electronic transition
;419 nm with an oscillator strength of 0.4986 that is con-
sistent with its assignment as the photoproduct responsible
for the 435.7 nm transient resonance Raman spectrum ob-
served after ultraviolet excitation of CCl3Br in the solution
phase. Thus, we assign the iso-CCl2Cl–Br photoproduct ex-
perimental fundamental Raman bands as follows: 189 cm21
to the n7 ~Cl–Br stretch mode!, 289 cm21 to the n6 ~Cl–
C–Cl bend mode!, 497 cm21 to the n3 ~C–Cl wag mode!,
and 989 cm21 to the n1 ~C–Cl stretch mode!.
B. Cyclopropanation reactions of olefins via ultraviolet
photoexcitation of polyhalomethanes containing
bromine and chlorine
We have previously noted52 that there is experimental
evidence in the literature64 that iso-polyhalomethanes react
with olefins to give a cyclopropanated product and a halogen
molecule product. Ultraviolet excitation of polyhalom-
ethanes in a 77 K matrix was found by Brown and Simon64
to form ‘‘color centers’’ with characteristic intense transient
absorption bands in the 350–470 nm region. When small
amounts of olefins were added and the 77 K matrix permitted
to warm up, new transient absorption bands ;310–320 nm
were formed and shown to be due to a halogen molecule-
olefin species ~such as I2-olefin and Br2-olefin complexes!.64
The new transient absorption bands appeared with clean
isobestic points from the ‘‘color centers’’ transient absorp-
tion bands ~see Figs. 4 and 5 in Ref. 64!. We have demon-
strated that these ‘‘color center’’ intense transient absorption
bands in the 350–470 nm region are really due to the
iso-polyhalomethane species for a number of
polyhalomethanes.47–52 This and the results of previously re-
ported experiments by Brown and Simons64 suggests that
iso-polyhalomethanes may react with olefins to produce a
halogen molecule product that will then produce a halogen
molecule-olefin complex. The following reaction scheme
~where X5Cl, Br, I! is consistent with these observations:
Initiation Step CH2X21hn→CH2X1X, ~1!
Recombination to produce isomer
CH2X1X→iso-CH2X–X, ~2!AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the computed optimized geometry
determined from the B3LYP/
6-31111G(d ,p) computations for the
iso-CH2Br-Cl, iso-CH2Cl-Br, CH2Br,
and CH2Cl species as well as the tran-
sition state~s! for the reaction of these
species with ethylene to produce cy-
clopropane and a halogen molecule or
atom leaving group @TS15transition
state for reaction of iso-CH2Br–Cl
with ethylene, TS25transition state
for reaction of iso-CH2Cl–Br with eth-
ylene, TS35first transition state for
reaction of CH2X (X5Cl, Br) with
ethylene, IM5halopropyl radical in-
termediate, and TS45second transi-
tion state for reaction of CH2X
(X5Cl, Br) with ethylene#. Selected
structural parameters are shown for
each species with the bond lengths in
Å and the bond angles in deg.Reaction of iso-CH2X–X with olefin
iso-CH2X–X1olefin→cyclopropanated product1X2,
~3!
Formation of X2-olefin complex
X21olefin,X2-olefin complex. ~4!
We have done additional density functional theory com-
putations to examine the reactions of iso-CH2Br–Cl and iso-
Cl–Br with ethylene ~see Sec. II for details!. The
iso-CH2Br–Cl and iso-CH2Cl–Br systems were chosen as
models for iso-polyahlomethane species containing both bro-
mine and chlorine atoms since they are the smallest polyha-
lomethanes and therefore the most computationally tractable
reactions to investigate. We expect that the chemical reactiv-
ity of the iso-CH2Br–Cl and iso-CH2Cl–Br toward ethylene
~and other olefins! would be similar to the more halogenated
species like iso-CHBrCl–Br and iso-CCl2Cl–Br that we
have experimentally observed following ultraviolet excita-
tion of CHBr2Cl and CCl3Br, respectively, in the solutionDownloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to phase ~this work!. Figure 3 presents the optimized geometry
determined from the B3LYP/6-31111G(d ,p) computations
for the iso-CH2Br–Cl, iso-CH2Cl–Br, CH2Br, and CH2Cl
species as well as the transition state~s! for the reaction of
these species with ethylene to produce cyclopropane and a
halogen molecule or atom leaving group @TS15transition
state for reaction of iso-CH2Br–Cl with ethylene,
TS25transition state for reaction of iso-CH2Cl–Br with eth-
ylene, TS35first transition state for reaction of CH2X
(X5Cl, Br) with ethylene, IM5halopropyl radical interme-
diate, and TS45second transition state for reaction of CH2X
(X5Cl, Br) with ethylene#. Figure 4 shows a simple diagram
depiction of the reaction pathway for the iso-CH2Br–Cl,
iso-CH2Cl–Br with ethylene and CH2Br and CH2Cl with
ethylene reactions with the transition state, intermediate, and
product energies given relative to the separated reactants.
The iso-CH2Br–Cl and iso-CH2Cl–Br molecules approach
ethylene in an asymmetric manner attacking the CH2 groups
of ethylene from above the molecular plane and a transition
state ~TS1 or TS2! is found on the way from the reactants toAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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reaction. The C–C, C–Br, and Br–Cl bonds are lengthened
by 0.021 Å, 0.106 Å, and 0.050 Å in the TS1 with respect to
the reactant for the iso-CH2Br–Cl reaction. The Cl–Br–C
angle changes from 122.3° in the reactant to 144.7° in TS.
The C–C, C–Cl, and Cl– Br bonds are lengthened by 0.0265
Å, 0.075 Å, and 0.100 Å in the TS2 with respect to the
reactant for the iso-CH2Cl–Br reaction. The Br–Cl–C angle
changes from 122.5° in the reactant to 136.4° in TS. The
structural changes for each reaction are consistent with the
fact that intermolecular interaction is much stronger in the
TS than in the reactant, which results in the intramolecular
C–C and C–X bonds being weakened. IRC calculations at
the UB3LYP level confirm the transition state connects the
reactants of CH2CH21iso-CH2Br–Cl ~or iso-CH2Cl–Br! to
the products of C3H61Br–Cl.
Relative to the separated reactants, the barrier heights
were calculated to be 3.80 kcal/mol and 3.76 kcal/mol for the
iso-CH2Br–Cl and iso-CH2Cl–Br reactions with ethylene,
respectively ~see Fig. 4!. The addition reaction between
CH2CH2 and the iso-CH2Br–Cl and iso-CH2Cl–Br species
proceeds readily via a single reaction step with a small bar-
rier on the way to products. Results for similar calculations
for the CH2Br radical and the CH2Cl radical with olefins
have substantially larger barriers to reaction to give the cy-
clopropanated product via a two step reaction mechanism
~see Fig. 4!. CH2Br and CH2Cl react with ethylene and to
form an intermediate Br–CH2CH2CH2 or Cl–CH2CH2CH2
radical which have a barrier of 17.4 kcal/mol and 23.2 kcal/
mol, respectively, to go on to the cyclopropanated product
(C3H6) plus halogen atom. These computational results show
FIG. 4. Schematic diagram showing the computed relative energies ~in kcal/
mol! for reaction of the iso-CH2Br–Cl, iso-CH2Cl–Br species with ethylene
and CH2Br and CH2Cl with ethylene with the transition state, intermediate,
and product energies given relative to the separated reactants.Downloaded 03 Nov 2006 to 147.8.21.97. Redistribution subject to that the CH2Br and CH2Cl species have a difficult reaction
pathway to produce a cyclopropanated product while the
iso-CH2Br–Cl and iso-CH2Cl–Br species much more easily
react with olefins to produce a cyclopropanated product ~see
Fig. 4!. These preliminary computational results are similar
to those we found previously for the iso-CH2Br–Br ~Ref. 52!
and iso-CH2I–I ~Ref. 65! reactions with ethylene. These re-
sults in conjunction with experimental work47,52,64 suggest
the iso-polyhalomethane species is most likely the methylene
transfer agent responsible for cyclopropanation reactions via
ultraviolet photoexcitation of polyhalomethanes in the solu-
tion phase in the presence of olefins. Additional research is
required to better understand the chemical reactivity of iso-
polyhalomethanes in photocyclopropanation reactions of ole-
fins. We are continuing both experimental and theoretical
approaches to examine these interesting photocyclopropana-
tion reactions for olefins and further results will be reported
in due course.
C. Possible implications for release of reactive
halogens in the troposphere and stratosphere from
bromine andÕor chlorine containing
polyhalomethanes
We have observed a number of iso-polyhalomethane
species containing iodine and/or bromine atoms47–52 as well
as bromine and chlorine atoms ~this work!. Iso-
polyhalomethanes generally have an intense electronic ab-
sorption band in the 350–500 nm region that is both greatly
red-shifted and has much larger absorption coefficient than
their corresponding polyhalomethane parent compound.
These two characteristics of iso-polyhalomethanes suggest
that they may further react photochemically in condensed
phase media in the atmosphere even though they are tran-
sient species. This would be similar to the increased photo-
dissociation rate of ozone (O3) in water compared to the gas
phase due to its absorption band being moderately red-
shifted in water.66 Since visible light excitation of a number
of iso-polyhalomethanes in low temperature ~12 K! solids
leads to at least partial if not full reformation of the parent
polyhalomethane molecule,39,40 the X–X bond is likely bro-
ken to release a halogen atom following visible photoexcita-
tion of the iso-polyahlomethane species in the condensed
phase. It is not clear at this time whether or not iso-
polyhalomethane species are important in the release of re-
active halogens to the atmosphere, but the importance of
heterogenous and/or multiphase reactions in atmospheric
chemistry does suggest it would be prudent to examine the
photochemical behavior of iso-polyhalomethanes.67–94 The
lifetimes ~and hence the potential for photochemical release
of reactive halogens! for iso-polyhalomethanes would likely
increase noticeably as the temperature decreases and as the
phase changes from liquid to solid.
Iso-polyhalomethane species may also act as
carbenoids52,65 and react with olefins ~such as alkenes, terpe-
nes, and other volatile organic compounds observed in the
lower atmosphere!95–105 to produce a halogen molecule prod-
uct in cyclopropanation and/or other reactions. In the preced-
ing section ~Sec. III B! our preliminary quantum chemical
reaction computations showed that the iso-CH2Br–Cl andAIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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cyclopropane and Br–Cl product. This type of reaction
would simultaneously release bromine and chlorine to the
atmosphere. This is particularly significant since chlorine–
bromine synergism95 would result in more efficient ozone
destruction from an iso-polyhalomethane species able to si-
multaneously release bromine and chlorine via a Br–Cl mol-
ecule. The CHBr2Cl molecule has been observed in the
troposphere92 and we have shown here that ultraviolet pho-
tolysis of CHBr2Cl in the solution phase leads to production
of some iso-CHClBr–Br and iso-CHBrCl–Br. Our prelimi-
nary quantum chemical reaction calculations suggest that
these iso-CHClBr–Br and iso-CHBrCl–Br species could re-
act with olefins to release Br–Br and Br–Cl. These results
suggest that the photochemistry of CHBr2Cl could have a
larger impact on tropospheric ozone destruction than ex-
pected based on its gas phase photochemistry in so far as it is
able to release Br–Br and Br–Cl into the troposphere via
reactions of the isomer species with olefins. We note that the
photochemical formation of the iso-CHBrCl–Br species
from CHBr2Cl in the condensed phase and its reaction with
olefins to give a Br–Cl product provides a path to release
reactive chlorine into the troposphere by absorption of rela-
tively long wavelength ultraviolet light compared to direct
photochemical cleavage of a C–Cl bond by far ultraviolet
light.
The photochemistry of polyhalomethanes in condensed
phase environments provides two additional pathways for
release of reactive halogens into the atmosphere ~via photo-
chemical and chemical reactions of the iso-polyhalomethane
species! that are not available to mono-halogenmethanes like
iodomethane or bromomethane. This may be important in the
recent observation of iodine oxide ~IO! in the marine bound-
ary where the increase in the IO concentration was linked
mainly to the change in the concentrations and photochem-
istry of CH2I2 and CH2BrI but not CH3I.106 The photochemi-
cal formation of isopolyhalomethanes from polyhalom-
ethanes in condensed phase environments ~such as water, ice,
aerosols, etc.! provides additional pathways for depletion of
the parent compound and release of reactive halogens and
this could noticeably influence the atmospheric lifetimes of
polyhalomethane species and estimates of their transport
through the atmosphere. At this time it is not clear whether
the photochemistry and chemistry of the iso-
polyhalomethane species have any significant role in the
chemistry of the atmosphere because there is so little known
about their properties, lifetimes, photochemistry, and chem-
istry. A great deal of work remains to be done in order to
make an assessment of their possible significance in the re-
lease of reactive halogens in the atmosphere. We are continu-
ing our investigation of the identity, properties, lifetimes,
photochemistry, and chemistry of these novel and intriguing
iso-polyahlomethane species in different condensed phase
environments and using a variety of experimental and theo-
retical techniques.
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